The studied tonalitic and trondhjemitic granulites are located in the SSE granulitic domain of the São Francisco craton, Bahia, Brazil, where they represent most of the southern part of the Archean and Paleoproterozoic Itabuna-Salvador-Curaçá Block (ISCB). Chemically, the tonalitic and trondhjemitic granulites belong to a low-K calc-alkaline suite; their REE patterns are steep with strong LREE/HREE fractionation and no significant Eu anomaly. Garnet-bearing mafic granulites that occur as enclaves in the tonalitic and trondhjemitic granulites were derived from basalts and/or gabbros of tholeiitic affinity. Geochemical modelling showed that the tonalitic and trondhjemitic granulites were produced by moderate fractional crystallization of an assemblage of hornblende and plagioclase, with subordinate amounts of magnetite, apatite, allanite and zircon. The garnet-bearing mafic granulites would be the source of the magmas that generated these rocks. Partial melting left a residue made up of plagioclase, garnet, orthopyroxene and hornblende.
Introduction
The ArcheanePaleoproterozoic boundary marks changes in petrogenetic mechanisms at this time (Martin, 1986; Barbosa, 1990; Sabaté, 2002, 2004) . At about 2.5 Ga komatiites almost stopped to be produced and also the tonalite, trondhjemite and granodiorite (TTG) association became scarcer. During the Archean, continental crust had TTG composition, and was supposed to be generated by melting of hydrated basalt, probably in a subduction environment (Martin, 1986) . After 2.5 Ga its growth was due to additions of the basalt, andesite, dacite and rhyolite (BADR) suite, generated by hydrous mantle peridotite melting in a subduction environment. This major petrologic change is classically interpreted as reflecting the progressive cooling of the Earth (Martin and Moyen, 2002) . If it is possible to demonstrate a progressive change in TTG composition throughout the Archean at the world scale, maybe the transition was not abrupt at ca. 2.5 Ga. On the contrary, it was progressive since some TTG are found in Paleoproterozoic terrains. In addition, sanukitoids, which have chemical composition intermediate between TTG and BADR, were emplaced until the end of the Archean to the Paleoproterozoic, but now also includes younger rocks (Stern, 1989; Stern and Hanson, 1991; Smithies and Champion, 1999; De Souza et al., 2007; Lobach-Zhuchenko et al., 2008) .
Tonalite and trondhjemites are abundant in the Itabuna-Salvador-Curaçá Block (ISCB), which is Paleoproterozoic in age and formed over a period of 200e300 Ma when the Itabuna-SalvadorCuraçá Block was squeezed between the Archean Gavião, Jequié and Serrinha blocks. This led to the formation of an important mountain range which is now completely eroded in the centre of the block where the high-grade metamorphic rocks of its roots are now exposed. This forms one of the world's most important granulite provinces (Barbosa, 1986) .
The aim of this article is to present new data on the geology, petrography and rock geochemistry, as well as the results of geochemical modelling of the genesis of the tonalitic and trondhjemitic granulites and of the garnet-bearing basic granulites which are found in the southern part of the ISCB (Pinho, 2005) .
units. The older unit, dated at 3.0 Ga by Wilson (1987) , is made up of heterogeneous felsic orthogranulites with subordinate mafic facies associated with kinzigites, iron formations, orthopyroxenebearing garnet quartzites and graphitites. The second unit is younger, with ages ranging from 2.7 to 2.6 Ga, and contains enderbitic, charno-enderbitic and charnockitic granulites (Alibert and Barbosa, 1992; .
The Serrinha Block (SB) (Fig. 1 ) crops out at the northeastern extremity of the São Francisco Craton. It is composed of tonalite, granodiorite orthogneiss and amphibolites. In some places partial melting took place, and the migmatites produced ages ranging from 3.1 to 2.8 Ga (Oliveira et al., 1999 Melo et al., 2000; Rios et al., 2005) . The 2.0e2.2 Ga (Silva, 1996) Rio Itapicuru and Capim greenstone belts cover this basement, and were intruded by a wide variety of granites (Alves da Silva, 1994) with ages between 2.25 and 2.07 Ga (Rios et al., 2005) .
The Itabuna-Salvador-Curaçá Block (ISCB) (Fig. 1) is located between these three blocks Sabaté, 2002, 2004) . The northern part is composed of TTG with imbrications of supracrustal rocks which are cut by products of anatectic melts, including granites. The southern part of the ISCB contains at least three major groups of granulites including: (1) mafic granulites associated with (3); (2) granulites derived from sedimentary rocks; (3) Fig. 1 . Schematic geological map showing the limits, the marginal fold belts and the major structural units of the São Francisco Craton. GB e Gavião Block; JB e Jequié Block; SB e Serrinha Block; ISCB e Itabuna-Salvador-Curaçá Block. The grey rectangle indicates the studied area. (Adapted from Alkmim et al., 1993) .
Paleoproterozoic tonalitic and trondhjemitic granulites (Silva et al., 2002; this work) . In this area, the granulite facies metamorphism has been dated at 2.06e2.07 Ga (Ledru et al., 1994; Silva et al., 2002) , with temperatures between 926 and 980 AE 40 C, and at pressures of about 6.9e8.6 AE 2 k bar (Pinho, 2005) .
The studied tonalitic and trondhjemitic granulites are tectonically interlayered with Archean enderbitic relics, monzonitic and syenitic granulites. They are represented in Fig. 2 as undifferentiated granulites. These rocks are dark grey, medium-grained and foliated. Mafic bodies, now parallel to the regional foliation, are found in these granulites. Based on their mineralogical composition, Pinho (2000) referred them as garnet-bearing mafic granulites. They are grey to dark grey, medium-grained, foliated or banded rocks.
The Geological evidence coupled with structural, metamorphic and isotopic data suggest a collision of these four crustal segments (GB, JB, SB, and ISCB) (Fig. 3A) , during the Paleoproterozoic, resulting in the formation of an mountain belt with an N-S length of approximately 600 km and a mean E-W width of 150 km. The traces of this collision are found not only in the structural features, but also by studying the pre-and syntectonic Paleoproterozoic rocks that are intruded into the above mentioned crustal segments, mainly in the Gavião Block (Marinho, 1991; Santos Pinto, 1996; Bastos Leal et al., 2003) , Itabuna-Salvador-Curaçá Block (Ledru et al., 1997; and Serrinha Block (Oliveira et al., 1999 Melo et al., 2000; Rios et al., 2005) . During the sinistral collision, slices of the Jequié Block may have been incorporated in the Itabuna-Salvador-Curaçá Block.
Petrography

Tonalitic and trondhjemitic granulites
The tonalitic and trondhjemitic granulites are leucocratic to mesocratic rocks with inequigranular, interlobate to polygonal granoblastic textures. They mainly consist of a quartz and plagioclase (An43) association with minor amounts of orthopyroxene, clinopyroxene and opaque minerals. Perthitic K-feldspar is rare, and hornblende and biotite are retrograde minerals. The main accessory phases are apatite and zircon together with scarce crystals of allanite and garnet. Nevertheless, the size and textures of some plagioclase, quartz and pyroxene crystals indicate that they belonged to the original plutonic paragenesis that re-equilibrated during granulite metamorphism. Modal compositions (Table 1 ) plotted in the QAP diagram of Streckeisen (1976) fall in the tonalite and trondhjemite field (Pinho, 2005) . Microstructures such as wedge-shaped plagioclase with slightly bent albite twins, fractured quartz grains with undulose extinction, as well as fractured pyroxenes, show that the rocks underwent both ductile and brittle deformations after their emplacement. Their SmeNd TDM model ages vary from 2.8 Ga to 2.4 Ga, while zircon SHRIMP dates of 2119 AE 10 Ma and 2213 AE 11 Ma are interpreted as the age of different magmatic inputs. On the other hand, metamorphic zircon crystals yielded an age of 2083 AE 17 Ma (Peucat et al., in preparation) .
Garnet-bearing mafic granulites
The mafic granulites are mesocratic with granoblastic textures. They are composed of plagioclase, clinopyroxene and orthopyroxene, together with garnet, quartz, opaque minerals, apatite and zircon as accessory minerals, and hornblende and biotite as secondary phases. Most of the rocks are gabbros, but some are quartz diorites (Table 2) (Pinho, 2005) . Symplectitic and coronitic textures result from reactions between garnet, plagioclase, quartz and pyroxenes. Exsolution of orthopyroxene from clinopyroxene is also observed.
Geochemical characteristics
Analytical methods
Analyses of major, trace and rare earth elements were obtained in the laboratory of GEOSOL e Geologia e Sondagem S.A. Major elements, except for low concentrations of Na and K, were obtained by X-ray fluorescence. Atomic absorbtion spectrophotometry was used to determine low concentrations of Na and K. Co, Cr, Cu, Ni, Pb, and REE were analyzed by ICP-OES after HF þ HClO 4 digestion. F was (Irvine and Baragar, 1971) showing that the tonalitic and trondhjemitic granulites (open circle) plot in the calc-alkaline field whereas the garnet-bearing basic granulites (filled squares) fall in the tholeiitic field.
determined by specific ion electrode after alkaline fusion. The MINPET software (Richard, 1995) was used for preparation of graphics.
Tonalitic and trondhjemitic granulites
The tonalitic and trondhjemitic granulites display a wide range in both SiO 2 (53e71%) and MgO (4.5e0.59) contents (Table 3 ). In the normative AneAbeOr triangle of O'Connor (1965) , where only samples with more than 10% normative quartz should be plotted, most samples fall in the tonalitic field, whereas only 4 are trondhjemites (Fig. 3A) . From this point of view, they differ from Archean TTG sequences that are richer in Na and therefore rich in trondhjemites (Martin, 1994) . In the AFM diagram of Irvine and Baragar (1971) , all these granulites perfectly fall in the calc-alkaline domain where they define a smooth trend (Fig. 3B) . In Harker diagrams all elements show differentiation trends and are negatively correlated with SiO 2 , except for K 2 O that is positively correlated, and Na 2 O which displays almost no variation during differentiation (Fig. 4) .
The behaviour of V, Y and Zr is that of compatible or partly compatible elements, while in spite of its concentrations Sr behaves as an incompatible element (Fig. 5) . In a chondrite normalized diagram Light Rare Earth Elements (LREE) contents are enriched relative to Heavy Rare Earth Elements (HREE), thus resulting in high (La/Yb) N ratios (11.5e75.0). The patterns lack significant Eu anomalies ( Fig. 6 ), Eu/Eu* ratios ranging from 0.7 to 1.1 (Table 3) . These characteristics are typical of Archean TTG (Martin et al., 2005) . In primitive mantle normalized multi-element diagrams ( Fig. 7 ) all elements are enriched relative to primitive mantle. However, the degree of enrichment varies widely: LILE are more enriched (10e100Â) than HREE (1e10Â). Ba and Zr display positive anomalies, while Sr, Nb, Ti and P have negative anomalies. According to Martin (1999) the negative anomalies for the last three elements are common in Archean-Paleoproterozoic TTGs and are thought to result from fractionation of apatite and FeeTi oxide minerals during differentiation (Martin, 1999; Foley et al., 2000) .
Garnet-bearing mafic granulites
The mafic granulites are MgO-poor (2.7%e7.2%) and FeO þ Fe 2 O 3 -rich (11.2%e19.7%; Table 4 ). In the AFM diagram (Irvine and Baragar, 1971) , they plot in the tholeiite field, (Fig. 4B ). REE patterns (Fig. 6 ) are moderately fractionated with (La/Yb) N ranging from 1.0 to 3.2, and no significant Eu anomaly is apparent with Eu/Eu* ranging between 0.78 and 0.97. All these values are typical of tholeiitic magmas.
Geochemical modelling
Mechanisms of differentiation
Our approach is based only on the whole rock geochemistry, performed on samples of several kg in weight. Consequently, it is assumed that they represent the composition of the magma, and that granulitic metamorphism, was not able to change the whole rock composition. Such a metamorphism proceeds in the redistribution of chemical elements between old and/or new minerals, at a cm scale, but is unable to change the whole rock composition in large samples. In the Harker diagrams for major and trace elements the Paleoproterozoic tonalitic and trondhjemitic granulites have trends which are usually straight lines but are sometimes curves (MgO, P 2 O 5 , TiO 2 ). These curves demonstrate that the process which produced the trends cannot be mixing or mingling, which should strictly give straight trends. Consequently, the petrogenetic processes involved in tonalitic and trondhjemitic granulite genesis is either partial melting or fractional crystallization.
In Fig. 5 the behaviour of Sr is an incompatible element, while V, Y and in part Zr behave as compatible elements or partly compatible elements. In spite of the relative scattering of Sr data, in logscale diagrams of a compatible element (V or Zr) versus an incompatible element (Sr) the trends observed are steep-sloped lines typical of fractional crystallization (Fig. 8) . They do not show any sign of the horizontal trend that should result from partial melting. Consequently, in order to account for the trends observed in Harker diagrams, we will first attempt to quantify fractional crystallization in the tonalitic and trondhjemitic suite.
To perform the geochemical modelling we used the Genesis software of Teixeira (1997) .
In a first step, the process is modelled using mass balance calculations based only on major elements (Stormer and Nicholls, 1978) to yield the modal and chemical compositions of the cumulate and the degree of fractional crystallization. In the second step, these computed values are entered into trace-element models using the Rayleigh (1896) equation.
The compositions of mineral phases used for our geochemical modelling are those included in the Genesis software (Teixeira, 1997) and the results obtained are shown in Table 5 . The natural sample TD-12 that is the least differentiated (lower SiO 2 and higher MgO contents) is considered as the representative of the parental magma. Sample BJ-61A having the higher SiO 2 and lower MgO contents is assumed to represent the most differentiated magma. The computed cumulate contains plagioclase An 43 (46%) þ hornblende (29%) þ biotite (22%) þ ilmenite (1.6%) þ apatite (1.4%). This cumulate probably represents a residue of partial melting of aluminous basic rocks that after metamorphosed to a great degree, produced the garnet-bearing mafic granulite. The sum of squared residues (SSR: 0.54) shows that the model closely fits the analytical data, the main contribution to SSR being due to the alkali oxides, especially K 2 O. The degree of fractional crystallization is about 52%.
The modal and chemical compositions of the cumulate, as well as the degree of fractionation calculated from major-element data, are now used in trace-element modelling. The mineral/liquid partition coefficients (Kd m/l ) were taken from literature compilations (Martin, 1987; Rollinson, 1993) (Table 6 ). When the cumulate composition and the degree of fractionation calculated from major-element data are used in REE modelling, the model does not fit the analytical data at all. Consequently, it was assumed that accessory phases could have played a significant role. Fig. 5 shows that Zr is compatible. As zircon is quite abundant (but still an accessory mineral) in the tonalitic and trondhjemitic granulites, it could have participated in the fractional crystallization. The same can be done with LREE which may be fractionated by an LREE-rich phase such as allanite that is present in subordinate amounts in the studied rocks. We note that allanite is a widespread accessory phase in all Archean and Paleoproterozoic tonalites and trondhjemites (Martin, 1987) . Table 5 and Fig. 9 shows the result of REE modelling. The calculated amounts of cumulative zircon and allanite necessary to adjust the model to data are very small: 0.06% and 0.3% respectively. The calculated Eu content is higher than in the natural sample BJ-61A, thus defining a small positive anomaly. Contrary to most REE behaviour, Kd mineral/liquid values for Eu in minerals such as feldspars are very sensitive to oxygen fugacity. A small change in this parameter would significantly change the partition of Eu, but as we have no real constraints on these parameters we made no attempt to adjust the model further.
Magmatic sources
Modelling of fractional crystallization shows that sample TD-12 can be considered as representative of the parental magma of the Table 6 Partition coefficients (Kd) used in the modelling of tonalites/trondhjemites granulites (Martin, 1987; Rollinson, 1993 Takahashi (1986) , and a molten basalt from Rapp et al. (1999) and the second, located between the spinel lherzolhite xenolith (peridotite KLB-1C) from Takahashi (1986) and adakite (Zamora, 2000) .The results of the calculation of mass balance with resolution of major elements, considering the two compositions discussed above, were quite satisfactory. However, when modelled the rare earth elements, using these two compositions, the results between the real and the calculated model were totally unsatisfactory. Due to the impossibility of setting the rare earth elements, all these possibilities were discarded. Then, the third model tested had as basis the average composition of the garnet-bearing granulite which occurs as enclaves within tonaliticetrondhjemitic granulites, and was chosen as a possible source. The calculated modal composition of the residue consists of
The degree of melting (F) is 20%, and (SD 2 ) ¼ 0.4 (Table 7) . The REE and other trace element behaviour has been modelled using the batch melting equation of Shaw (1970) . Fig. 10 and Table 7 shows the results of REE behaviour modelling. The figure shows that the computed model fits the TD-12 REE composition for both LREE and HREE, whereas it predicts slightly higher amounts of MREE. This could reflect the presence of small amounts of residual apatite, which would also account for the lower P 2 O 5 content of TD-12 when compared with average garnet-bearing granulite. 
Table 7
Comparison of the major, traces e ETR elements compositions of computed melt composition (Cl) and melt composition (TD-12). The composition of the solid source (average garnet granulite) is also given as well as the mineralogical composition of the residue of melting. The best fit is obtained for 20% partial melting. Batch melting equation of Shaw (1970) : 
Discussion and conclusions
Preserved primary minerals are uncommon in the tonalitic and trondhjemitic granulites of the Itabuna-Salvador-Curaçá Block, since they were obliterated by deformation and high-grade metamorphism have obliterated them. Nevertheless the size and textures of some plagioclase, quartz and pyroxene crystals indicate that they belonged to the original plutonic paragenesis that re-equilibrated during granulitic metamorphism. In contrast, the mafic granulites were totally recrystallized during metamorphism. Biotite and hornblende mostly form rims around pyroxenes or are in contact with these minerals, and are considered as secondary or retrograde minerals formed during destabilization of both orthopyroxene and clinopyroxene.
Whole rock geochemistry indicates that the Paleoproterozoic tonalitic and trondhjemitic granulites have low-K calc-alkaline affinities. Oxides such as TiO 2 , Al 2 O 3 , FeO, MgO, CaO, P 2 O 5 and trace elements such as V, Y and Zr show compatible behaviour, while Na 2 O, K 2 O and Sr behave incompatibly during magmatic differentiation. These granulites have strongly fractionated REE patterns. The garnet-bearing mafic granulites have tholeiitic affinity, and their REE patterns are almost flat or slightly LREE-enriched with insignificant or no Eu anomalies.
In geochemical modelling the solid extract is mainly made up of plagioclase þ hornblende þ biotite with subordinate amounts of magnetite, apatite, allanite and zircon. The degree of crystallization is moderate ( 52%). Many extracts were tested, and all those containing clinopyroxene totally failed to account for differentiated liquid composition. When small amounts (<5%) of orthopyroxene are included in the extract, acceptable results are obtained. The adjustment of the calculations to analytical data, however, is far better in the absence of pyroxenes. Therefore, it is concluded that pyroxene fractionation never played a significant role in the genesis of the tonalitic and trondhjemitic magmas. This leads to the conclusion that the magma did not crystallize under granulitic metamorphic conditions but rather under amphibolite facies metamorphic conditions.
The best model accounting for the composition of the tonalitic and trondhjemitic magmas consists in the melting of a metamorphosed basalt source having the same chemical composition as the garnet-bearing basic granulites. The residue of melting being made up of an assemblage of plagioclase, clinopyroxene, garnet, orthopyroxene and hornblende.
